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1 The human orphan G-protein coupled receptor bombesin receptor subtype 3 (hBRS-3) was
screened for peptide ligands by a Ca2+mobilization assay resulting in the purification and
identification of two specific ligands, the naturally occurring VV-hemorphin-7 (VV-H-7) and LVV-
hemorphin-7 (LVV-H-7), from human placental tissue. These peptides were functionally characterized
as full agonists with unique specificity albeit low affinity for hBRS-3 compared to other bombesin
receptors.

2 VV-H-7 and LVV-H-7 induced a dose-dependent response in hBRS-3 overexpressing CHO cells,
as well as in NCI-N417 cells expressing the hBRS-3 endogenously. The affinity of VV-H-7 was higher
in NCI-N417 cells compared to overexpressing CHO cells. In detail, the EC50 values were 45715mM
for VV-H-7 and 183760mM for LVV-H-7 in CHO cells, and 1976mM for VV-H-7 and 38718mM for
LVV-H-7 in NCI-N417 cells. Other hemorphins had no effect. Gastrin-releasing peptide (GRP) and
neuromedin B (NMB) showed similar EC50 values of 13 – 20mM (GRP) and of 1 – 2 mM (NMB) on
both cell lines.

3 Structure-function analysis revealed that both the N-terminal valine and the C-terminal
phenylalanine residues of VV-H-7 are critical for the ligand-receptor interaction.

4 Endogenous hBRS-3 in NCI-N417 activated by VV-H-7 couples to phospholipase C resulting in
changes of intracellular calcium, which is initially released from an inositol trisphosphate (IP3)-
sensitive store followed by a capacitive calcium entry from extracellular space.

5 VV-H-7-induced hBRS-3 activation led to phosphorylation of p42/p44-MAP kinase in NCI-N417
cells, but did not stimulate cell proliferation. In contrast, phosphorylation of focal adhesion kinase
(p125FAK) was not observed.
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Introduction

The human bombesin receptor subtype 3 (hBRS-3) exhibits

about 50% amino-acid sequence homology with human

neuromedin B (hNMB-R) and gastrin-releasing peptide

(hGRP-R) receptors, and together they form the bombesin-

like receptor group (Gorbulev et al., 1992). Gastrin-releasing

peptide (GRP) and neuromedin B (NMB) are high-affinity

ligands for hGRP-R and hNMB-R, respectively, while both

peptides bind only with low affinity to hBRS-3. Recently, a

synthetic peptide [DPhe6,b-Ala11,Phe13,Nle14]-bombesin (6-

14) (B9P) was described to have high affinity for hBRS-3

(Mantey et al., 1997), but so far a natural high-affinity ligand

for hBRS-3 has not been identified. The expression of hBRS-3

is limited to a few brain regions (Ohki-Hamazaki et al., 1997a),

placenta (Whitley et al., 1996), pancreatic islets (Fleischmann

et al., 2000), secondary spermatocytes and certain tumor cell

lines (Fathi et al., 1993; Gorbulev et al., 1994). Targeted

disruption of the hBRS-3 gene in mice leads to mild obesity,

impaired glucose metabolism, and hypertension (Ohki-Hama-

zaki et al., 1997b). Therefore, hBRS-3 has been implicated in

the regulation of neuroendocrine function and energy meta-

bolism. Several studies described a role of bombesin-like
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peptides (NMB, GRP) in growth regulation of, for example,

small cell lung carcinoma (SCLC) (Cuttitta et al., 1985),

human breast cancer (Nelson et al., 1991), and gastrointestinal

tissue (Lehy et al., 1983). They are also involved in

development of the lung (Johnson et al., 1982) and induce

the contraction of smooth muscle (Minamino et al., 1983).

Bombesin-like peptides were postulated as mitogens for

bronchial epithelial cells and SCLC, and lead to increased

fetal lung growth and maturation in utero as well as in organ

cultures (Sunday et al., 1998). Furthermore, it has been

reported that bombesin-like peptides induce the phosphoryla-

tion of focal adhesion kinase (FAK) resulting in proliferation

and invasion of cancer cells (Leyton et al., 2001). Since the

native specific ligand of hBRS-3 is still unknown, the receptor

is classified as orphan receptor and the pharmacology and

physiology of the receptor remain speculative.

Here, we describe the isolation of two naturally derived

ligands VV-H-7 and LVV-H-7 for the hBRS-3 from human

placenta tissue. Originally, LVV-H-7 was isolated from pig

hypothalami (Chang et al., 1980) characterized as nonclassical

opioid peptides (Brantl et al., 1986; Piot et al., 1992) and

binding to the AT4 receptor with affinity in the nanomolar

range (Moeller et al., 1997; Garreau et al., 1998). In the present

study, we characterized the structure – function relation

between hemorphins and hBRS-3, and compare the biological

activity with GRP and NMB. Additionally, we demonstrate

the signal transduction mechanism of the interaction between

hemorphin VV-H-7 and the hBRS-3 expressed in NCI-N417

lung cancer cells. We show that endogenous hBRS-3 receptor

couples to phospholipase C resulting in changes of intracel-

lular calcium which is initially released from an IP3-sensitive

store followed by a capacitive calcium entry from extracellular

space. We carried out a physiological characterization of the

VV-H-7/hBRS-3 interaction regarding the involvement of

kinases in proliferation and adhesion.

Materials

Cell lines and cell culture

Transfected CHO-Ga16 cells (Molecular Devices, Sunnyvale,

CA, U.S.A.) were grown in nutrient mixture F12 (HAM) with

2mM L-glutamine, 200mgml�1 hygromycin, and 400mgml�1

G418. NCI-N417 cells (ATCC, CRL-5809) were grown in

RPMI-1640 with 2mM L-glutamine, HT-29 (ATCC, HTB-38)

in McCoy’s 5a medium with 1.5mM L-glutamine and BHY

cells (DSMZ, ACC 404) in Dulbecco’s MEM (4.5 g l�1 glucose)

with 2mM L-glutamine. All cells were cultivated with 100 uni-

tsml�1 penicillin/streptomycin and 5% FCS (BioWhittacker)

at 371C in a 5% CO2 atmosphere.

Molecular biological standard methods

RNA extraction, cDNA first-strand synthesis, polymerase

chain reaction (PCR), reverse transcription/PCR (RT-PCR),

and DNA sequencing were performed as described (Mägert

et al., 1998). Expression analysis for hGRP receptor, hNMB

receptor, and hBRS-3 receptor was performed by RT-PCR.

The primer sets used for hBRS-3 were: 50-primer: 50-CAGA

ATCATCAAGCTCTGTG-30; 30-primer: 50-AGTCTTTCAG

GATGGCATTGG-30; for hNMB-R: 50-primer: 50-CGGACT

CTGCTGGAAAGGA-30; 30-primer: 50-CCAGCAACACG

GAGACCAC-30; for hGRP-R: 50-primer: 50-CAAAGAG

CCCGGCATAGA-30; 30-primer: 50- AGCGCCGTGAGTGT

GAAG-30.

Preparation of hBRS-3 overexpressing Ga16 cell line

The coding region of human hBRS-3 cDNA (GenBank

accession number: L08893) was subcloned into the expression

vector pcDNA 3.1 and transfected into a CHO-Ga16 expressing

cell line using Effectene (Qiagen, Hilden, Germany). Cells were

selected by G418 and hygromycin, single-cell clones were

propagated and tested for stable expression by Northern

blotting using a digoxigenin kit (Roche, Mannheim, Ger-

many).

Intracellular Ca2+-measurement

The Ca2+-measurements were performed using the FLIPR-

system (Fluorometric Imaging Plate Reader, Molecular

Devices, Sunnyvale, U.S.A.). CHO-transfected cells were

seeded in 96-black well plates (Costar, U.K.) at 20,000 cells/

well and cultured overnight. After 30min at 371C in loading

medium (HEPES-buffered HBSS), pH 7.4, containing 2.5mM

probenecid and 1 mM Fluo-4 AM (Molecular Probes, Leiden,

The Netherlands), cells were washed in loading medium

without Fluo-4 AM. NCI-N417 cells were loaded with medium

containing 2 mM Fluo-4 (30min; 371C), washed (centrifugation

at 250� g, in HBSS/HEPES), seeded in 96-black well plates

(107 cellsml�1) and centrifuged at 125� g for 2min. The cells

were placed in the FLIPR and basal fluorescence was

determined prior to agonist addition at room temperature

(lex¼ 488 nm, lem¼ 540 nm). Changes in cellular fluorescence

were recorded online after the addition of 50ml tissue extract

fractions or test compounds diluted in wash buffer. Cell plates

were preincubated with inhibitors of signal transduction and

Ca2+ modulators for 20min at 371C.

Isolation of ligands for hBRS-3 from human placenta

An 11 kg human placenta was prepared as described pre-

viously (Seiler et al., 1999). Stepwise batch elution was

performed using six different buffers (pool 1 – 6) with

increasing pH from 3.3 to 13. Each of these six eluates was

applied onto a Source RPC column (15 – 20mM, 300 Å,

20 cm� 15.5 cm, Pharmacia, Freiburg, Germany) and sepa-

rated with a gradient from 0 – 50% B (solvent A: water, 10mM

HCl; solvent B: 80% acetonitrile, 10mM HCl) at a flow rate of

400mlmin�1. Fractions of 600ml were collected and aliquots

corresponding to 250mg equivalent of placental tissue were

tested in the bioassay. Fractions inducing a fluorescence signal

on CHO-Ga16-hBRS-3 cells in the FLIPR-system were further

separated. The corresponding fractions were applied to a

preparative RP C18 column (PrepPak, 300 Å, 15 – 30mM,

Baker, Phillipsburg, NJ, U.S.A.), with a gradient from 20 to

70% B in 45min, solvent A: 30% MeOH, 10mM HCl; solvent

B: MeOH 100%, 10mM HCl) fractionated and tested in the

bioassay. The bioactive material was further purified using the

same column with different eluents (solvent A: water, 0.1%

trifluoroacetic acid; solvent B: 80% acetonitrile, 0.1%

trifluoroacetic acid; gradient from 20 to 50% B in 45min).

Subsequently, a semipreparative RP C4 (20� 250mM, 100 Å,
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5 mM, Biotek, Heidelberg, Germany, solvent A: 0.1% trifluor-

oacetic acid; solvent B: 80% acetonitrile, 0.1% trifluoroacetic

acid; gradient from 30 to 65% B in 50min) was applied. The

final purification step was performed with an analytical RP

C18 column (4.6� 250mM, Aqua RP C18, Phenomenex,

Aschaffenburg, Germany, solvent A: 0.1% trifluoroacetic

acid; solvent B: 80% acetonitrile, 0.085% trifluoroacetic acid,

isocratic at 32.5% B, flow rate: 0.7mlmin�1). The purified

fraction was freeze-dried and analyzed.

Peptide analysis and synthesis

Purity was confirmed by capillary zone electrophoresis (CZE)

(P/ACE 2000, Beckman, München, Germany) at 220 nM.

Molecular weight determination was carried out on a Sciex

API III quadrupol mass spectrometer (Perkin-Elmer, Überlin-

gen, Germany). Sequencing was performed on a 473 A gas-

phase sequencer (Applied Biosystems, Weiterstadt, Germany).

VV-H-7, LVV-H-7, and V-hemorphin-7 (V-H-7), were pre-

pared by Fmoc solid-phase peptide synthesis.

Cell proliferation

Stimulation of cell proliferation was determined using the

WST-1 proliferation assay kit (Roche Molecular Biochemicals,

Mannheim, Germany). The survival assay was performed as

described earlier (Ryan et al., 1998b).

Immunoblot analysis

Cells (105 cellsml�1) were seeded in RPMI medium with 0.25%

BSA for 48 h. Cells were stimulated with VV-H-7 (50 mM –

500 nM), B9P (1 mM – 100 nM) alone and in combination with

the MEK-1 inhibitor PD 98059 using FCS (10%) as positive

control and buffer as negative control. For detection of

p125FAK, cells were incubated with VV-H-7 (50 mM) or B9P

alone or in combination with cytochalasin D for 5 – 30min.

Cell lysates were prepared, separated by SDS – PAGE and

blotted as described previously (Ryan et al., 1998a). Mem-

branes were incubated with antisera against pMAPK-42/44

(1 : 2000 diluted) or p125FAK overnight at 41C and signals were

detected as described (Maronde et al., 1999).

Statistical analysis

Responses were measured as peak fluorescence intensity (FI)

minus basal FI, and were presented as percentage of maximum

VV-H-7 (10 mM) induced response. Plotting and statistical

analysis of the data were performed with PRISM software 3.0

(GraphPad Software, San Diego CA, U.S.A.). Student’s t-test

was used to determine statistical significance.

Materials

Fluo-4 AM was obtained from Molecular Probes (Leiden, The

Netherlands) and [DPhe6,b-Ala11,Phe13,Nle14]-bombesin (6-

14) (B9P) was obtained from PolyPeptide Laboratories

(Wolfenbüttel, Germany). [(D-Phe6,Leu(s)-p-chloro-Phel4]-bom-

besin(6-14), [D-Phe,Leu-NHEt13,des-Met14]-bombesin(6-14),

[(D)Nal-Cys-Tyr-(D)Trp-Lys-Val-Cys-Nal-NH2], Neuromedin

B (NMB), and Neuromedin C (GRP) were from Bachem

(Heidelberg, Germany). Miconazole, thapsigargin, cyclopia-

zonic acid, and chelerythrine were obtained from Alomone

Labs (Israel). Verapamil, diltiazem, U73122, xestospongin C

(XeC), LY294002, Gö6850, and D-erythro-sphingosine were

from Calbiochem-Novabiochem GmbH (Bad Soden, Ger-

many). MEK-1 inhibitor PD 98059 was from NEB (Bad

Nauheim, Germany) and cytochalasin D from Sigma (Deisen-

hofen, Germany). Antibodies against pMAPK-42/44 were

obtained from New England BioLabs (Beverly, MA, U.S.A.)

and p125FAK from BD Bioscience (Franklin Lakes, NJ,

U.S.A.).

Results

Isolation of ligands for hBRS-3 from human placenta
tissue extracts

To identify endogenous ligands, hBRS-3 expressing CHO cells

were generated and receptor activation was analyzed in the

FLIPR assay. Based upon hBRS-3 expression in placenta, a

placenta peptide library was prepared to screen for endogen-

ous ligands. Testing 240 fractions of this library on CHO-Ga16-

hBRS-3 cells, fractions 22/23 and fractions 25/26 from pH-

pool 4 generated an increase in intracellular Ca2+ concentra-

tions (Figure 1a). These fractions were not active with control

cells (CHO cells expressing other orphan GPCRs). We isolated

VV-hemorphin-7 and LVV-hemorphin-7 from human placenta

in four chromatographic steps. Most inactive peptides were

separated in the first isolation step using a preparative C18

reverse phase (RP) column, where the biological activity was

detected in fractions 10/11 (Figure 1b). Second, by changing

the mobile phase from methanol/HCl to acetonitrile/TFA we

detected the specific biological activity in fractions 23/24

(Figure 1c). Finally, further purification steps using a

semipreparative RP C4 column (Figure 1d) and an analytical

RP C18 column resulted in two bioactive fractions (fractions

1/2) (Figure 1e). Fraction 1 was pure as shown by capillary

zone electrophoresis (CZE; inset Figure 1e). Mass spectro-

metry combined with sequence analysis (LC/MS) revealed a

molecular weight of 1194Da with the amino-acid sequence

VVYPWTQRF (VV-H-7), which was also confirmed by

Edman sequencing. The corresponding purification strategy

using fractions 25/26 of pH pool 4 as starting material resulted

in the isolation of LVV-H-7. Finally, the biological activity of

the identified hemorphin sequences as activators of the hBRS-

3 receptor was confirmed by chemically synthesized peptides of

VV-H-7 and LVV-H-7. We isolated pure VV-H-7 and LVV-H-

7 from 11 kg placenta extract and calculated the enrichment

factor as 7500 (Table 1).

Expression of hBRS-3 on different cell lines

As bombesin peptides can bind with varying affinity to hGRP-

R, hNMB-R, and hBRS-3 we examined the expression profile

of these receptors on the human cell lines, NCI-N417, BHY, or

HT-29 cells and on CHO-Gal6-hBRS-3 by RT-PCR. As

expected, the lung cancer cell line NCI-N417 and CHO-Gal6-

hBRS-3 were positive for hBRS-3, and negative for hGRP-R

and hNMB-R. In contrast, hGRP-R or hNMB-R was only

detected in BHY and HT-29 cells, respectively (Figure 2). The

control cell lines BHY and HT-29 which expressed only the

GRP- or NMB-receptor, respectively, but not the hBRS-3
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receptor showed no Ca2+ increase in the FLIPR assay when

treated with VV-H-7 or LVV-H-7 up to 10mM (data not

shown).

Biological activity of VV-H-7 and LVV-H-7 on hBRS-3

To analyze whether the dose-response curves of VV-H-7 and

LVV-H-7 are similar to those of GRP and NMB, we

performed FLIPR assays. All four peptides (Figure 3) exerted

a Ca2+ release in a concentration-dependent manner in the

CHO-Ga16-hBRS-3 cells with EC50 values of 45715mM for

Figure 1 Purification of VV-H-7 from human placenta. Fractions inducing a Ca2+ signal in the bioassay are denoted with shading.
(a) pH pool 4 was fractionated by a Source RPC column (20 cm� 15.5 cm) with a gradient from 0 to 50% B (solvent A: water,
10mM HCl; solvent B: 80% acetonitrile, 10mM HCl). (b) Preparative RP C18 column (4.7 cm� 30 cm) with a gradient from 20 to
70% B in 45min (solvent A: 30% MeOH, 10mM HCl; solvent B: MeOH 100%, 10mM HCl). (c) RP-HPLC fractionation of the
bioactive fractions using the identical column as in step 1, changing the mobile phase from MeOH to acetonitrile (solvent A: 0.1%
TFA, solvent B: 80% acetonitrile, 0.1% TFA, gradient: from 20 to 5% B in 45min). (d) A semipreparative RP C4 (20� 250mm2)
(solvent A: 0.1% trifluoroacetic acid; solvent B: 80% acetonitrile, 0.1% trifluoroacetic acid; gradient from 30 to 65% B in 50min).
(e) Final purification step with an analytical RP C18 column (4.6� 250mm2) RP C18 (solvent A: 0.1% trifluoroacetic acid; solvent
B: 80% acetonitrile, 0.085% trifluoroacetic acid, isocratic at 32.5% B, flow rate: 0.7mlmin�1). Inset in (e): CZE analysis of fraction
1 the last step.

Table 1 Determination of the enrichment factor by calcu-
lation of the increasing specific activity (activity [fluorescence
intensity units (FIU)] mg�1 peptide) after each isolation step

Isolation step Specific activity
(FIU mg�1)

Enrichment
factor

Starting material
(placenta peptide bank)

B2 F

Isolation step 1 B20 B10
Isolation step 2 B70 B35
Isolation step 3 B200 B100
Isolation step 4 B15000 B7500
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VV-H-7, 183760mM for LVV-H-7, 1374.5 mM for GRP and

271 mM for NMB (Figure 3a), whereas V-H-7 had no

detectable agonistic activity up to 100 mM (Figure 3a). More-

over, each of the active peptides stimulated Ca2+ release dose-

dependently also in NCI-N417 cells with EC50 values of

1976 mM for VV-H-7, 38718 mM for LVV-H-7, 2076 mM for

GRP, and 0.970.5mM for NMB (Figure 3b). As before, V-H-7

had no detectable agonistic activity up to 100mM (Figure 3b).

Comparison of the EC50 values in natively expressing versus

hBRS-3 transfected cell lines indicated a two-fold lower value

for VV-H-7 and a six-fold lower value for LVV-H-7 than in

CHO-Ga16-hBRS-3 cells.

Structure-function relation between hemorphins and
hBRS-3

The N- and C-terminal amino acids responsible for ligand-

receptor interaction were tested and compared to the activity

of functionally and structurally related peptides (Table 2). We

examined the intracellular Ca2+ changes ([Ca2+]i) with NCI-

N417 cells and CHO-Ga16-hBRS-3 and found that only VV-H-

7 and LVV-H-7 increased [Ca2+]i at 1 – 10mM in both cell lines.

The loss of the N-terminal valine to V-H-7 reduced the change

of intracellular Ca2+ concentration significantly, while dele-

tion of the C-terminal phenylalanine (VV-H-6: VVYPWTQR)

led to a complete loss of biological activity. The amidated

hemorphin showed neither activity on CHO-Ga16-hBRS-3 nor

on NCI-N417 cells. Furthermore, neuropeptide FF and Met-

enkephalin-RF showed no activity on hBRS-3 expressing cell

lines.

Beside the well-established function of hemorphins as opioid

peptides (Piot et al., 1992), Garreau et al. (1998) and Moeller

et al. (1997) described the inhibition of Ang-IV binding to a

putative Ang IV receptor by LVV-H-7 and VV-H-7. To test

the possible connection between the hBRS-3 receptor, Ang IV

binding sites and LVV-H-7/VV-H-7, FLIPR experiments were

performed. Angiotensin peptides (Ang II, Ang III, and Ang

IV) did not induce [Ca2+]i when applied in concentrations up

to 300mM (Table 2). Moreover, Ang IV showed no inhibitory

effect on VV-H-7 binding to hBRS-3 (data not shown)

indicating that the putative Ang IV receptor is not identical

to hBRS-3.

The synthetic high-affinity ligand [DPhe6,bAla11,

Phe13,Nle14]-bombesin(6-14) (BP9) for hBRS-3 subtype

(Mantey et al., 1997) induced a concentration-dependent

release of Ca2+ (EC50: 20 nM) on NCI-N417 cells. A possible

additive effect of VV-H-7 and BP9 on the stimulation of

hBRS-3 was analyzed by FLIPR experiments. Both peptides

were applied in concentrations according to their EC50 values

of 20 nM for BP9 and 25mM for VV-H-7. The combination of

VV-H-7 and the synthetic ligand induced no significant further

increase in Ca2+-release indicating no additivity. Furthermore,

since the maximum Ca2+ signal induced by hemorphins alone

is comparable to that by the synthetic ligand, VV-H-7/LVV-H-

7 are full agonists for hBRS-3.

Functional coupling of the hBRS-3

The functional coupling of the hBRS-3 was analyzed with

specific hBRS-3 antagonists in hBRS-3 overexpressing CHO-

cells and a hBRS-3 naturally expressing cell line (NCI-N417).

The GRP-R antagonists [(D-Phe6,Leus-p-chloro-Phe14]-bom-

besin(6-14) and [D-Phe,Leu-NHEt13,des-Met14]-bombesin(6-

14) did not inhibit Ca2+ elevation induced by VV-H-7. In

contrast, the somatostatin analog [(D)Nal-Cys-Tyr-(D)Trp-

Lys-Val-Cys-Nal-NH2], an NMB-R-specific antagonist (Or-

buch et al., 1993) with high affinity to hBRS-3 (Ryan et al.,

1998a), inhibited the VV-H-7-induced response significantly

(Figure 4). To exclude that the isolated hemorphins bind to

opioid binding sites described to be present on lung carcinoma

cell lines (Maneckjee & Minna, 1990) we applied naloxone, an

antagonist of opioid receptors, and VV-H-7 on NCI-N417

Figure 2 Expression of bombesin receptor subtypes mRNA in
NCI-N417, CHO-Ga16-hBRS-3, BHY, and HT-29 human tumor cell
lines by RT-PCR.
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Figure 3 Effect of VV-H-7, LVV-H-7, GRP, NMB, V-H-7 on
intracellular Ca2+-changes in CHO-Ga16-hBRS-3 (a) and NCI-N417
(b) cells. [Ca2+]i-changes were monitored as fluorescence intensity
units (FIU) using the FLIPR system. Values represent the maximal
fluorescence change stimulated by the indicated peptides and are the
means7s.e.mean from at least eight independent experiments.
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cells, without any effect on increasing intracellular Ca2+

[Ca2+]i compared to VV-H-7 alone, indicating that VV-H-7

did not bind to opioid binding sites (data not shown).

To determine the dependence of ([Ca2+]i) transients on

extracellular Ca2+ ([Ca2+]ex), cells were stimulated with (i) VV-

H-7 in the presence of the Ca2+-chelating agent EGTA, (ii) at

physiological Ca2+ concentration (1.45mM), and (iii) high

Ca2+ HBSS-buffer (10mM). In the absence of [Ca2+]ex, the

magnitude of the response was reduced by 25% and the return

to basal levels was faster than in Ca2+-containing buffer

(Figure 5a). High [Ca2+]ex resulted in an increase of [Ca2+]i
and a delay in returning to the basal level. Furthermore, the

relation between extracellular and intracellular Ca2+ concen-

tration was tested with the L-type Ca2+ channel inhibitors

verapamil and diltiazem, and miconazole as an inhibitor of the

‘Ca2+-release-activated Ca2+-channels’ (CRAC). We show

that miconazole reduced the maximal Ca2+ increase similar

to conditions without extracellular Ca2+ (Figure 5a), whereas

verapamil and diltiazem did not reduce [Ca2+]i.

The signal transduction was further examined using

thapsigargin (3 mM) and cyclopiazonic acid (10 mM), both

sarcoplasmatic Ca2+/ATPase inhibitors. Both substances

abolished the VV-H-7-induced response. Additionally, the

VV-H-7-evoked response was inhibited by either pretreatment

with the phospholipase C inhibitor, U73122 (Smith et al.,

1990), or the antagonist of the IP3-receptor inhibitor,

xestospongin C (XeC) (Figure 6a).

Neither LY 294002, a phosphoinositid-3-kinase inhibitor

(Smith et al., 1990) nor Gö6850 or D-erythro-sphingosine,

both PKC inhibitors (Hannun et al., 1986; Vlahos et al., 1994),

reduced the VV-H-7- mediated increase of [Ca2+]i. Interest-

ingly, only chelerythrine, another PKC inhibitor (Herbert et al.,

1990), prevented change of [Ca2+]i (Figure 6b). Thus, the

mobilized calcium after activation of hBRS-3 with VV-H-7 is

recruited from intracellular stores via a PLC and PKC-

dependent signal transduction pathway and from the extra-

cellular space via CRAC.

Phosphorylation of cytoplasmatic kinases

Since bombesin-like peptides and their receptors display a wide

tissue distribution and are potential mitogens for gastrointest-

inal and lung cancer cells, we examined proliferation of NCI-

N417 cells. The number of 48 h serum-deprived NCI-N417

cells was not changed after stimulation with VV-H-7 or B9P up

to 10 mM. As a widely used biochemical correlate of prolifera-

tion induction, we also investigated phosphorylation of

pMAPK 42/44 induced by VV-H-7. In contrast, to the results

on proliferation mentioned above, the tyrosine/threonine

phosphorylation of pMAPK42/44 with VV-H-7 or B9P

compared to unstimulated cells was seven- and 2.5-fold

increased, respectively. This increase in phosphorylation was

abolished by prior application of the pMAPK42/44 inhibitor

PD98059 (Figure 7). We conclude that VV-H-7 induces

MAPK42/44 activation, but does not result in elevated

proliferation.

Recent studies suggested that several neuropeptides and

bombesin-like peptides can stimulate tyrosine phosphorylation

of, for example, cytosolic focal adhesion kinase (p125FAK),

which is involved in tumor development (Ryan et al., 1998a).

Since phosphorylation of p125FAK depends on cell type or

ligands and occurs after various times, we tested time- and

Table 2 Threshold concentration of agonist-evoked Ca2+ release in cells naturally expressing hBRS-3 (NCI-N417) or cells stably
transfected with hBRS-3 (CHO-Ga16-hBRS-3)

Peptides Sequence Threshold concentration (mM)
NCI-N417

Threshold concentration (mM)
CHO-Ga16-hBRS-3

VV-H-7 VVYPWTQRF 1 mM 3mM
LVV-H-7 LVVYPWTQRF 1 mM 10 mM
V-H-7 VYPWTQRF 10 mM 300mM
VV-H-7 amide VVYPWTQRF-NH2 >300mM* >300mM*
VV-H-6 VVYPWTQR >300mM* >300mM*
VV-H-5 VVYPWTQ >300mM* >300mM*
Ang II DRVYIHPF >300mM* >300mM*
Ang III RVYIHPF >300mM* >300mM*
Ang IV VYIHPF >300mM* >300mM*
Neuropeptid FF FLFQPQRF-NH2 >300mM* >300mM*
Met-Enkephalin-RF YGGFMRF >300mM* >300mM*

Values represent the means from at least eight independent experiments. The concentrations inducing a Ca2+ response are indicated. *The
highest concentration used in the bioassay (300 mM) which induced no specific Ca2+ signal.
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Figure 4 Inhibition of the transient Ca2+ increase by hBRS-3
antagonists. The indicated antagonist (1 mM) was applied for 20min
prior to addition of VV-H-7 (10mM). Responses were measured as
peak increase in fluorescence minus basal, expressed relative to
the maximum VV-H-7 (10 mM) response. Values represent the
means7s.e.mean from eight independent experiments using the
FLIPR system.
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dose-dependency of p125FAK phosphorylation. Neither in-

creasing the incubation time nor increasing VV-H-7 concen-

tration resulted in elevated phosphorylation of p125FAK (data

not shown).

Discussion

In the present study, we have identified and characterized VV-

H-7 and LVV-H-7 as low-affinity ligands for hBRS-3 receptor.

The isolation strategy used was based on the increase of

intracellular Ca2+-concentration after application of potential

ligands, collected in a human placenta peptide library. In

addition, we have characterized the pharmacology and signal

transduction of ligand-receptor interaction by FLIPR-assays

and by analyses of intracellular signaling kinases in cells with

recombinant and native hBRS-3 expression.

The screening for ligands that specifically activate hBRS-3

was performed using a CHO cell line transfected with the

receptor. Exclusively hBRS-3 expressing cell lines showed an

increased Ca2+ influx after application of the indicated

biologically active fractions and the isolated ligands VV-H-7

and LVV-H-7. The specific binding of hemorphins to hBRS-3

was further demonstrated by analyzing the hemorphin activity

on cell lines expressing single members of the bombesin

receptor family. As shown by RT-PCR, overlapping effects

caused by the coexpression of more than one bombesin-like

receptor could be excluded. This demonstrated a unique

specificity of the isolated ligands for the hBRS-3 receptor

compared to other bombesin receptors.

Specificity of receptor-ligand interaction was further exam-

ined by dose-response analyses with bombesin like peptides
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Figure 6 Inhibition of transient Ca2+ increase by different
inhibitors of signal transducing elements. Values represent maximal
fluorescence change stimulated by VV-H-7 (10mM), expressed
relative to the maximum VV-H-7 (10mM), response and are the
means7s.e.mean from at least eight independent experiments. (a)
Specific inhibitors of the Ca2+/ATPase: cyclopiazonic acid (10mM)
and thapsigargin (1 mM), the IP3-receptor-antagonist xestospongin C
(20 mM) and the PLC-inhibitor U 73122 (3 mM) were incubated for
20min prior to VV-H-7 application. (b) Phosphoinositid-3-kinase
inhibitor LY 294002 (3 mM) and inhibitor of the PKC: Gö 6850
(3 mM) and Chelerythrine (3 mM) were incubated for 20min prior to
VV-H-7 application.
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Figure 5 Influence of extracellular Ca2+ on VV-H-7-induced Ca2+

release in NCI-N417 cells. (a) Cells stimulated with 10 mM VV-H-7
under high or physiological Ca2+ concentration and in the presence
of 5mM EGTA without Ca2+. [Ca2+]i (as fluorescence intensity
units) was monitored using Fluo-4 AM. One typical experiment out
of 10 replicates is shown. (b) Effect of Ca2+ inhibitors: Verapamil
(10 mM), Diltiazem (10mM); Miconazole (10mM), were added for
20min prior to application of VV-H-7 (10 mM), application of VV-
H-7 (10 mM) in the presence of 5mM EGTA without extracellular
Ca2+. Responses were measured as peak increase in fluorescence
minus basal, expressed relative to the maximum VV-H-7 (10mM)

response under physiological Ca2+ concentration. Values represent
the means7s.e.mean from at least eight independent experiments.
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and hemorphins in hBRS-3 natively expressing and in over-

expressing cell lines. As described GRP and NMB were shown

to be low-affinity ligands for hBRS-3 and bind with EC50

values in a similar range as VV-H-7 and LVV-H-7 (Mantey

et al., 1997). Notably, the EC50 values for VV-H-7 and LVV-

H-7 were two to six-fold lower in NCI-N417 cells which

express hBRS-3 natively compared to recombinant expression,

indicating a more effective coupling and activation of the

receptor in these cells.

The idea of hemorphins functioning as opioid peptides was

supported by several studies (Brantl et al., 1986; Piot et al.,

1992). Sanderson et al. (1998) postulated a role of hemorphins

in inhibiting the inflammatory response in acute and chronic

inflammation, an effect thought to be mediated by an

activation of opioid receptors after VV-H-7 binding. To

examine whether our isolated hemorphins bind to opioid

binding sites described to be present on lung carcinoma cell

lines (Maneckjee & Minna, 1990) inhibitory experiments with

naloxone, an antagonist for opioid receptors, were performed.

Naloxone showed no effect on [Ca2+]i induced by VV-H-7,

while the VV-H-7 response was abolished by prior application

of a specific antagonist for hBRS-3. This implies that VV-H-7

binds to hBRS-3, that this receptor does not contain opioid

binding sites and that binding to endogenous opioid receptors

is negligible.

The hBRS-3 receptor was investigated as a putative AT4

receptor because binding of LVV-H-7 and VV-H-7 has been

reported to an Ang IV binding site in nanomolar range

(Moeller et al., 1997; Garreau et al., 1998) with so far unknown

molecular identity. None of the tested angiotensin peptides

showed agonist activity nor inhibition of VV-H-7 binding to

hBRS-3, indicating that the hBRS-3 receptor is not the

putative Ang IV binding site. Recently, the identification of

the putative AT4 receptor was reported as insulin-regulated

aminopeptidase (IRAP). It was proposed that the AT4

receptor ligands, Ang IV and LVV-H-7, may exert their

effects by inhibiting the catalytic activity of IRAP and thereby

extending the half-life of its neuropeptide substrates (Albiston

et al., 2001).

Comparison of the sequence between the isolated hemor-

phins ((L)-VVYPWTQRF) and other peptides indicates

similarity to Met-enkephalin-RF (YGGFMRF) and RFamide

peptides like neuropeptide FF (FLFQPQRF-NH2). Szikra

et al. (2001) tested the binding characteristics of VV-H-7 on

opioid receptors and showed a binding profile similar to Met-

enkephalin-RF. In contrast, Met-enkephalin-RF showed no

effect in our assay system. To investigate a possible increase in

efficacy by amidation, we tested amidated VV-H-7 and other

amidated RF-peptides like neuropeptide FF. None of these

peptides showed activity and notably the amidation of the C-

terminal phenylalanine led to a complete loss of biological

activity. Since N-terminal and C-terminal truncated VV-H-7

lost their biological activity, we conclude that both the N-

terminal valine and the C-terminal phenylalanine residues are

critical for the ligand-receptor interaction. The reduction of

the biological activity by an additional leucine at the N-

terminus (LVV-H-7) may be explained by steric hindrance.

The activation of phospholipase C (PLC)-mediated signal-

ing pathways in nonexcitable cells causes the release of Ca2+

from intracellular stores and activation of Ca2+ influx across

the plasma membrane by means of capacitative Ca2+ entry or

store-operated Ca2+ entry processes. The inhibition of the VV-

H-7-induced response by sarcoplasmatic Ca2+/ATPase inhibi-

tors suggests that signaling via endogenous hBRS-3 involves

the mobilization of Ca2+ from intracellular stores. Addition-

ally, the VV-H-7-evoked responses were inhibited by either

pretreatment with a phospholipase C inhibitor or an antago-

nist of the IP3-receptor.

Capacitative Ca2+ entry is mediated by plasma membrane

Ca2+ channels termed intracellular Ca2+-release activated

channels (ICRAC) (Berridge, 1995; Parekh & Penner, 1997),

members of the TRP-protein family (Kanki et al., 2001). We

show that an inhibitor of CRAC reduced the maximal Ca2+

increase similar to conditions without extracellular Ca2+,

whereas L-type Ca2+ channel inhibitors did not reduce [Ca2+]i.

These results suggest the involvement of CRAC channels in

the VV-H-7-induced Ca2+ release in NCI-N417 cells and imply

dependence from extracellular calcium concentration, which is

in contrast to data presented by Ryan et al. (1998b).

Consistent with previous studies using hBRS-3-transfected

cells (Fathi et al., 1993; Wu et al., 1996), the endogenously

expressed hBRS-3 couples to PLC, resulting in intracellular

calcium changes. Our data and those from others using B9P-
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Figure 7 MAPK42/44 phosphorylation. NCI-N417 cells were
grown in DMEM/0.25% BSA. Cells were stimulated for 45min
with the indicated substances. A measure of 10 mg of protein per lane
was subjected to SDS – PAGE, and subsequently transferred to
PVDF membranes. (a) Active MAPK42/44 was visualized by
probing with a specific antiserum against phosphoMAPK42/44.
(b) Specific antisera against total MAPK42/44 were used as control.
(c) Densitometric analysis of phosphoMAPK42/44 immunoblots.
The cells were treated as described above. Membranes were
subjected to densitometry (Quantiscan, BioSoft, Cambridge, U.K.)
and presented as area values. Experiments were performed in
triplicate.
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stimulated hBRS-3-transfected cells (Ryan et al., 1998a)

suggest that the initial release of [Ca2+]i is from an IP3-

sensitive calcium pool with a subsequent capacitive calcium

entry, a mechanism previously described for hGRP and

hNMB receptors (Ryan et al., 1993).

Another part of this work was the characterization of the

VV-H-7/hBRS-3 interaction regarding the involvement of

kinases in proliferation and adhesion. Bombesin-like peptides

were postulated as mitogens for bronchial epithelial cells and

SCLC (Sunday et al., 1998). In our experimental setup we

could not detect any effect of VV-H-7 on NCI-N417 cell

proliferation. In contrast, when treated with VV-H-7 or B9P,

an increase in tyrosine/threonine phosphorylation of

pMAPK42/44 compared to unstimulated cells was observed.

This increase in phosphorylation was inhibited by prior

application of a MEK-1 (MAP kinase kinase 1) inhibitor.

This is in sound with the observation that phosphorylation of

MAPK42/44 is also elevated after B9P-stimulation in hBRS-3

transfected cells without any effect on proliferation (Weber

et al., 2001). However, phosphorylation of structural proteins

by MAPK can induce changes in cellular morphology

(Erickson et al., 1990; Ray & Sturgill, 1987) or GPCR

desensitization may lead to phosphorylation of MAPK

(Luttrell et al., 2001). Stimulation of hBRS-3 by VV-H-7 and

subsequent phosphorylation of MAPK42/44 may therefore

induce secretion of mitogenic or angiogenic factors or

proteases supporting the growth of the lung tumor, as

postulated by Hellmich et al. (1999) for GRP and GRP-

receptor. FAK, a nonreceptor protein tyrosine kinase with

downstream influences on cell cycle regulation, cytoskeletal

dynamics, and cell attachment, is activated by integrin binding

and aggregation. Numerous studies implicated a participation

of p125FAK in cancer invasiveness and motility of cells (Kohno

et al., 2002). In contrast to recent studies that several

neuropeptides can stimulate tyrosine phosphorylation of

cytosolic focal adhesion kinase (p125FAK), we cannot show

an activation of p125FAK in nonadherent NCI N417 cells.

Rodriguez-Fernandez & Rozengurt (1996) showed that

phosphorylation of p125FAK caused by treatment with

bombesin is abolished in Swiss 3T3 which have been placed

in suspension. This indicates that adherence of cells might be a

prerequisite for p125FAK phosphorylation. Our newly discov-

ered ligands VV-H-7/LVV-H-7 are naturally derived low-

affinity ligands for the hBRS-3 receptor. We cannot exclude

that other high-affinity ligands exist which we did not detect

within our peptide banks or assay systems. Importantly, it has

to be noted that GRP and NMB the two other described

endogenous low-affinity ligands are present only in low

concentrations (pM) in plasma and tissue extracts (Haraguchi

et al., 1988; Namba et al., 1985), and therefore may not play

any physiological role in signaling via the hBRS-3 receptor. In

contrast, LVV-H-7 was found in high concentrations (1.5 mM)

in bronchoalveolar lavage fluid of one patient with non small

cell lung cancer (Duethman et al., 2000). The minimum

concentration of VV-H-7 evoking an increase of [Ca2+]i in the

FLIPR-assay is about 1 mM. In consideration of the described

processing of LVV-H-7 to VV-H-7 (Fruitier et al., 1998), we

suggest that a sufficient ligand concentration to activate

hBRS-3 could be present in vivo under certain pathological

conditions.

In conclusion, we isolated two low-affinity ligands specifi-

cally binding to the orphan receptor hBRS-3 and show that

stimulation of hBRS-3 with VV-H-7 and LVV-H-7 leads to an

elevation of [Ca2+]i from IP3-sensitive stores, a subsequent

influx of [Ca2+]ex via CRAC, an induction of PLC and PKC

activity and phosphorylation of MAPK42/44. A pathophysio-

logical role of hemorphin/hBRS-3 in vivo is possible but has to

be confirmed in future studies.
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